We present an application of the Joint Spectral and Time domain OCT (STdOCT) method for detection of wide range of flows in the retinal vessels. We utilized spectral/Fourier domain OCT (SOCT) technique for development of scan protocols for Doppler signal analysis. We performed retinal imaging in normal eyes using ultrahigh speed (200 000 axial scans/s) SOCT instrument with a CMOS camera. Various raster scan protocols were implemented for investigation of blood flow in the retina. Data analysis was performed using the method of joint Spectral and Time domain OCT (STdOCT). Detection of blood flow velocities ranging from several tens of mm/s to a fraction of mm/s was possible with scanning methods allowing for appropriate selection of time intervals between data taken for Doppler OCT analysis. Axial blood flow velocity measurement was possible in retinal vessels. Doppler OCT signal can be utilized as a contrast mechanism for visualization of retinal capillaries.
INTRODUCTION
Optical Coherence Tomography (OCT) has become a well established diagnostic technique in ophthalmology enabling high speed and high resolution imaging of the eye structure. However, there has been also a considerable interest in development of OCT methods for imaging of processes connected to functioning of the retina. One example are methods of blood flow detection in retinal vessels. Several OCT techniques enabling flow detection in the eye have been introduced up to date. The most widely used include the phase resolved / phase sensitive methods [1] [2] [3] [4] [5] [6] [7] , techniques employing Doppler effect [8, 9] and resonant Doppler methods [10, 11] . Recently our group has introduced a Joint Spectral and Time domain OCT method (STdOCT) which can detect the flow based on the Doppler frequency shift visible in the OCT data as intensity beating signal [12] .
Doppler OCT measurements rely on detection of the axial component (parallel to the scanning beam) of the flow velocity. In the retina, the magnitude of this velocity component can range from several tens of mm/s in the optic disc area, to a fraction of mm/s in the macular region. The velocity range which can be unambiguously measured with OCT methods is limited by the time interval Δt between consecutive Doppler OCT data (A-scans) and by the phase noise ΔΦ err [12] [13] [14] [15] [16] [17] 
where v max , v min are maximal and minimal axial velocity values, respectively, which can be measured with a given central wavelength λ 0 of the light emitted by the source used in the experiment. Central wavelength is measured in the flowing medium of the refractive index n, i.e. λ 0 =λ 0 air /n. It is clear from equations (1) that decreasing Δt allows for faster flow velocity measurement. Slow flows can be measured if Δt is increased so that the slow phase changes (in phase sensitive methods) or the slow intensity changes of the Doppler beating signal (in Doppler OCT techniques) can be detected between consecutive OCT signals (A-scans). In other words, slow flow detection requires longer sampling times of the Doppler signal at a given point in the object thus enabling detection of the phase changes exceeding the phase noise ΔΦ err present during the imaging experiments. Measurements of the fast axial flow velocities became relatively easy with the advent of high speed OCT techniques. However, detection of slow flows is still challenging due to the phase noise considerations and long imaging times required for acquisition of the three dimensional data resulting in motion artifacts and discontinuity or loss of the flow information.
In this paper we present methods for axial flow velocity detection in retinal vessels including fast flows in the optic disk area as well as slow flows in the macular area. Detection of the wide range of velocities is possible with the development of specific scan protocols [18] . These protocols allow for adjustment of the time intervals between consecutive A-scans acquired for the Doppler signal analysis. Methods developed in this study enabled measurement of fast axial blood flow velocities in the large vessels in the optic disc area and visualization of the vasculature in the macular area including the capillary network. Combination of ultrahigh speed OCT imaging, specific scan protocols and STdOCT method allows for simultaneous three dimensional imaging of the retinal structure and flow in the retinal vessels.
MATERIALS AND METHODS
We performed the imaging experiments with a spectral/Fourier domain OCT laboratory instrument (Figure 1a) . The instrument uses a classic fiber optic Michelson interferometer design. The object arm contains optical scanners and the optics for imaging of the retina. Dispersion compensation and light intensity attenuation is applied in the reference arm. As a light source we used a superluminescent diode (Superlum, SLD-351-HP2-DBUT-SM-PD) with 825nm central wavelength and 70nm full spectral width at half intensity maximum (FWHM). The measured axial resolution was 5.7μm in the air (~4.3μm in tissue). The transverse resolution was about 7μm. This value was estimated based on the possibility of imaging of cone photoreceptors in the parafoveal region (Figure 1b) . The spectral OCT signal was detected using a custom made spectrometer with a linescan CMOS camera (Basler, Sprint) with 4096 pixels. The imaging speed depends on the camera settings: the number of active pixels and the exposure time [19] . We utilized 1024 camera pixels to achieve high speed read rates. The minimal exposure time was 3.4μs resulting in 4.7μs line period. Thus, the maximal achievable imaging speed was ~213 000 axial scans per second. The parameters of the instrument are summarized in Table 1 . Oversampling is defined as a ratio of the beam diameter to the scanning step size.
The flow detection was performed using the Joint Spectral and Time Domain OCT method [12] (Figure 2 ). The spectral OCT signal was acquired during raster scan with oversampling sufficient for the detection of the Doppler frequency shifts at a given transverse location in the object (the details of scan protocols are given in Table 2 ). For each such location two-dimensional Fourier transformation was performed. If Fourier transformation along the wavenumber axis is performed, a set of A-scans containing the structural information is generated at consecutive time intervals (top right panel in Figure 2a ). If transformation along the time axis is performed then a set of Doppler frequency profiles at consecutive wavenumbers is obtained (bottom left panel in Figure 2a ). If these transformations are performed one after the other (i.e. two-dimensional Fourier transformation is computed), depth velocity profile and structural information are retrieved for one object point and displayed in an A-scan (bottom right panel in Figure 2a) . A set of A-scans obtained at We performed the STdOCT measurements with application of two raster scan protocols (Table 2 ) allowing for detection of flow in different areas in the retina. The blood flow velocities in the optic disk area have large values (up to several tens of mm/s). Short time intervals between acquisitions of consecutive spectra are thus required for sufficient sampling of high Doppler frequencies. We achieved this by application of raster scan with oversampling in the fast axis direction. We then performed the STdOCT analysis using a sliding FFT window (top panel in Figure 2b ). The number of spectra within the window depends on the degree of oversampling: all spectra must contain information about a given transverse location in the object. Fast flow images shown in this paper are obtained with FFT window containing 8 spectra. In the area closer to the macula, the axial velocity component has a small value (fraction of mm/s). Long sampling time intervals are thus recommended for flow detection. To meet this requirement we implemented raster scan protocol with oversampling in the slow scan axis direction ( Table 2 ). The sliding FFT window contained spectra from 5 consecutive B-scans (image lines) acquired at time intervals equal to acquisition time of one image line (bottom panel in Figure 2b ).
Imaging was performed in normal eyes. Imaging protocols for fast and slow flow detection were implemented in the parafoveal area and in the region of the optic disc. Images comparing the ability of both methods to detect flow in different retinal vessels were obtained, including the vasculature in the optic disc, the macula as well as the capillary network. The STdOCT images are compared with structural imaging of the vessels in projection OCT fundus images [20] . 
RESULTS
Results of application of scan protocols for fast and slow flow detection in the optic disk area are shown in OCT cross sectional images in Figure 3 . The fast flow detection method allows for measurement of the axial flow velocity (Figure 3b) . The velocity values are encoded in gray scale with gray levels from 0 (black) to 127 indicating direction of flow towards the incoming beam of light and gray levels from 128 to 255 (white) indicating flows along the beam. The value of 127 (grey color) indicates no flow (velocity value equal to 0) while 0 and 255 correspond to maximal velocities in opposite directions. In Figure 3b , a fragment of a vessel emerging from the optic disk is visible. In the left part of the vessel the blood is flowing towards the incoming beam of light (black color). After reaching the rim of the optic disc the orientation of the vessel changes and flow coinciding with the direction of the beam is detected (white color). In the part where the vessel orientation is perpendicular to the beam of light, the flow cannot be detected (grey color corresponding to velocity value equal to 0). Flow velocity profiles can be extracted at selected locations (Figure 3 Application of the slow flow scan protocol for imaging of large vessels in the optic disk area allows for the detection of flow but measurement of the axial flow velocity is not possible. Blood velocity in a vessel visible in Figure 3d largely exceeds the maximal value which can be measured unambiguously. As a results random distribution of flow velocities ranging from minimal to maximal values in both directions is obtained (Figure 3g ). Although no quantitative information is available in this case, visualization of vasculature is still possible with utilization of flow as a natural contrast mechanism. Results of three dimensional OCT flow imaging in areas indicated by rectangles in OCT fundus image (Figure 4 ) are shown in figures 5 and 6. In figure 5 vessels in the optic disc area are visualized with the fast flow (top row) and slow flow method (bottom row). OCT fundus images visualize two large vessels at the rim of the optic disk (Figures a and d) . [20] corresponding to the ganglion cell layer and the inner plexiform layer (Figure 6f ) and to the inner nuclear layer and outer plexiform layer (Figure 6g ) are presented. Highly scattering vessels are well visualized in the low scattering tissue (e.g. nuclear layer) allowing for visualization of the vascular network down to the capillary level (Figure 6g) . However, small vessels located in the highly scattering tissue (e.g. plexiform layers) are poorly visualized (Figure 6f ). STdOCT technique with application of slow flow detection method allows for detection of such vessels (Figure 6i ) taking advantage of flow as a natural contrast mechanism. STdOCT imaging of the capillary network in the inner nuclear layer and in the outer plexiform layer is comparable with the projection OCT method. 
CONCLUSIONS
Results obtained in different areas in the retina with various scan protocols show the possibility of detection of flow with velocities ranging from several tens of mm/s to several tenths of mm/s. It is possible to utilize the flow as a natural contrast mechanism not only for imaging of large vessels in the proximity of the optic disk but also for the detection of capillary network in the macular region. However, if the goal is the velocity measurement, design of advanced scan protocols is required. Scan methods should specifically target Doppler shift frequencies characteristic of blood flow in given retinal regions. Implementation of such protocols is possible with application of ultrahigh speed OCT imaging. Combination of ultrahigh speed OCT detection and advanced method of signal analysis such as STdOCT allows for simultaneous three dimensional imaging of the retinal structure and flow in the retinal vessels. 
